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Abstract

Purpose To investigate the outcomes and risk factors of
patients treated with stereotactic ablative radiotherapy
(SABR) delivered by image-guided helical tomotherapy
(HT) for extracranial oligometastases.

Methods From August 2006 through July 2011, 42 con-
secutive patients (median age 69 years [range 16-87]) with
oligometastases (<3) received HT to all known cancer sites
(lung, n = 28; liver, n = 12; adrenal, n = 2). Prognostic
factors were assessed by Cox’s proportional hazards
regression analysis.

Results A total of 60 lesions were treated with hypofrac-
tionated HT (median dose 39 Gy [range 36-72.5]; median
dose per fraction 12 Gy [range 5-20]). Complete or partial
response was observed in 40 (54 %) patients. With a
median follow-up period of 15 months, 1- and 2-year
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overall survival (OS) was 84 and 63 %, respectively; and 1-
and 2-year local control (LC) was 92 and 86 %, respec-
tively. Four patients had pneumonitis Grade >2 and two
patients had lower gastrointestinal toxicity Grade >2. Only
the lack of complete/partial response was associated with
higher risk of mortality on univariate (HR = 3.8, P = 0.04)
and multivariate (HR = 6.6, P = 0.01) analyses.
Conclusions SABR delivered by image-guided HT is
well tolerated and offers adequate LC with low acute
morbidity in patients with extracranial oligometastatic
disease. We found that the response to HT was the only
predictor for OS.

Keywords SABR - Helical tomotherapy -
Oligometastases - Outcome

Introduction

Definitive radiation therapy (RT) can cause significant
acute and chronic adverse effects. Therefore, radical RT
has historically been reserved for patients with stage I—III
disease, and the most common indication for RT to the
metastatic site has been palliation for pain or other symp-
toms directly resulting from the tumor metastases. How-
ever, metastatic patients are a very broad category [1], and
prior studies have suggested that some patients with only a
few distant metastases (‘oligometastases’) [2] may benefit
from local therapy to the distant sites of disease [3, 4].
With the advent of image-guided RT [5] and stereotactic
ablative radiotherapy (SABR), it has become possible to
ablate tumors using high radiation doses to limited target
volumes with surprisingly minimal morbidity [6-9]. Using
these treatment techniques, high rates of durable local
tumor control (LC) are achievable in oligometastatic
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tumors [10]. These outcomes represent a significant
improvement compared with historical controls treated
with conventionally fractionated regimens.

In this context, we have investigated the outcomes and
risk factors for a single-institution series of patients with
extracranial oligometastases who received SABR delivered
by image-guided helical tomotherapy (HT).

Methods and materials
Selection criteria

This research project was approved by the institutional
review board and was in compliance with the Health
Insurance Portability and Accountability Act regulations.
Subjects were identified by searching a database of patients
with extracranial oligometastases treated with SABR
delivered by image-guided HT between October 2006 and
June 2011.

Inclusion criteria were having a Karnofsky performance
status >70, having extracranial oligometastatic disease (<3
metastases) with a locally controlled primary tumor, no
Child B or C liver cirrhosis and functional liver volume of
>1,000 cc in those patients with oligometastatic tumors in
the liver, and lung diffusion capacity for carbon monoxide
>30 % in the case of lung metastases. Ultimately, 42
patients met these criteria.

Chemotherapy

Treatment patterns were analyzed by line of therapy. Each
treatment regimen was defined by the chemotherapy and/or
biologic agents given to a patient within a 4-day period
starting from the date of the first chemotherapy or biologic
administration. The treatment was considered advanced to
the next line of therapy when an addition or substitution of
chemotherapy or biologic agent was observed and the
resulting drug regimen lasted 28 days and was adminis-
tered for two or more cycles.

Radiation therapy

RT was carried out using the TomoTherapy Hi-Art II
System (TomoTherapy Inc., Madison, WI), which fully
integrates image-guided RT by means of mega voltage
computed tomography (MVCT) scanning and intensity
modulated RT (IMRT) via dynamic rotational therapy.
Before each treatment session, patients underwent scanning
using the integrated MVCT scan modality and were repo-
sitioned after co-registration of these images with the
planning kilovoltage CT scan. Target delineation was
performed using the Pinnacle treatment planning system

(Philips Medical Systems, Bothell, WA). Afterwards, the
planning CTs =+ positron emission tomography (PET)/CTs
and the contours were transferred to the HT Hi-Art II
planning system using the digital imaging and communi-
cations in medicine RT protocol. The gross tumor volume
(GTV), defined only as the solid abnormality on
CT =+ PET, was not expanded in the traditional fashion to
form a clinical target volume (CTV). The GTV was
expanded to a planning treatment volume (PTV) which
accounts for set-up variability and tumor motion. Individ-
ualized assessment of tumor mobility (ITVs) was derived
using a multiple CT scan (patients received CT scanning
during free breathing, maximal inspiration, and maximal
expiration) [11]. The PTV was obtained by uniformly
expanding the ITV not more than 0.5 cm in the axial plane
(left, right, anterior, and posterior), and 1.0 cm in the
craneocaudal plane (superior and inferior) [12]. All planes
were optimized to deliver at least 95 % of the pre-
scribed dose to 100 % of the PTV, while keeping the
maximum dose (Dmax) to the PTV below 105 % of
the prescribed dose with heterogeneity corrections using
the superposition/convolution algorithm.

Risk-adapted fractionation schemes were used. The
majority of lung metastases underwent three fractions of
20 Gy when lesions were not adjacent to the chest wall,
three to five fractions of 12 Gy for lesions showing broad
contact with the chest wall; or eight fractions of 7.5 Gy for
central lesions. For liver and adrenal metastases, three
fractions of 12 or 20 Gy were delivered depending on
tumor size and estimated risk of normal tissue toxicity.

No definitive consensus currently exists regarding con-
straints for thoracic or abdominal organs at risk (OARs) for
SBRT [13, 14]. The linear-quadratic formula (with an
assumed alpha/beta ratio of 10 for tumors) was used in
dose conversions making some adjustments for fraction
and was also used to determine our current set of dose
constraints of OARs. For the treatment of thoracic tumors,
patients were required to have 1,000 mL of tumor-free
lung. For patients with chronic lung disease (i.e., chronic
obstructive lung disease), 70 % of the lung or 800 mL
(whichever was larger) was required to be kept under
1.7 Gy per fraction and <17 Gy total. For patients with
healthy lungs, 60 % of the lung was required to be kept
under 2 Gy per fraction and <20 Gy total. Generally, the
maximum dose to the esophagus was kept under
3.5-4.0 Gy per fraction. For the treatment of liver tumors,
the volume of liver not involved with gross tumor was
required to be >1,000 mL. For patients with no history of
liver failure or hepatitis, the dose to 60 % of the liver
volume was required to be <30 Gy, and for patients with a
history of hepatitis or cirrhosis the dose to 70 % of the liver
volume was required to be <30 Gy. It was required that
<50 % of the kidneys would receive >16 Gy. The dose to
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the small bowel was required to be <50 Gy. It was required
that the dose to the center of the spinal cord be <2 Gy per
fraction and <45 Gy total, whereas the surface dose was to
be kept <54 Gy. Generally, the spinal cord maximum was
<30 Gy in 3-Gy fractions. Chest wall dose was restricted to
<30 Gy to 30 cc and <60 Gy to 3 cc. Figure 1 shows the
dose distribution and dose—volume histograms relative to
planning target volume and organs at risk of three patients.

Patients were evaluated at approximately 1-3 months
after the completion of therapy. The Response Evaluation
Criteria in Solid Tumors (RECIST) version 1.1 was used for
treatment evaluation [15]. CT &+ PET scans were obtained
at intervals of 3—6 months to assess for recurrence.

Statistical analysis

All data analyses were done using the SPSS (version 19.0)
statistical software. The primary endpoint of the study was

overall survival (OS), and progression-free survival (PFS)
and toxicity were the secondary endpoints. Recurrence in
the primary radiation field was defined as recurrence within
the PTV. Acute toxicity was scored according to the
Common Terminology Criteria for Adverse Events
(CTCAE) version 3.0 [16]. The Kaplan—Meier method was
used to estimate the probabilities of survival. Potential
associations were assessed in univariate analyses using the
Cox proportional hazards model. Multivariate Cox
regression was performed to adjust for factors significant
on univariate analysis, as well as any other factors that
might have confounded the univariate analysis. Quantita-
tive variables were evaluated using the median as the
cut-off, except for the biological effective dose (BED),
normalized to a 2 Gy fraction, which was dichotomized at
100 Gy. Survival time was measured from the start date of
HT to the first occurrence of the considered event (death or
recurrence).
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Results

Patient characteristics are listed in Table 1. All patients
were considered inoperable by the number, dimension or
location of the metastases (n = 34), or due to being med-
ically unfit for surgical resection (n = 6). In addition, two
patients refused surgery. The median length of follow-up at
the time of analysis was 15 months (range 2-57). The total
radiation dose to the metastatic site for all patients ranged
from 36 to 72.5 Gy (median 39 Gy) with a median dose per
fraction of 12 Gy (range 5-20). The most common fracti-
onations used were 36 Gy at 12 Gy/fraction (n = 20) and
60 Gy at 12 Gy/fraction (n = 10). Median radiation ther-
apy oncology group (RTOG) homogeneity index [17] and
Paddick conformity index [18] values were 1.15 and 1.25,
respectively. Thirty-eight patients (90 %) received at least
one line of chemotherapy before HT. Fourteen patients
(33 %) received two lines and four patients (9.5 %) three.
For first-line therapy, the most common chemotherapy
backbone regimens were infused fluorouracil, leucovorin,
and oxaliplatin (FOLFOX; n = 16, 38 % of patients), and
gemcitabine plus cisplatin (GemCis; n = 6, 14 %). The
most common treatment regimen was FOLFOX plus bev-
acizumab (n = 15, 35.7 %). For second-line therapy, flu-
orouracil, leucovorin, and irinotecan (FOLFIRI) were the
most common chemotherapy backbones (n = 7, 16.7 %),
and FOLFIRI plus bevacizumab was the most common
treatment regimen (n = 5, 11.9 %). Across the study per-
iod, 47.6 % (n =20) and 16.7 % (n="7) of patients
received bevacizumab and cetuximab, respectively.

The sites of metastatic disease were the lung (n = 28),
liver (n = 7) and adrenal glands (n = 2). Sixteen (36 %)
patients had more than one metastases in the same organ
and 4 (9.5 %) patients had metastases in more than one
site. All lesions underwent radiation therapy. The most
common primary sites were colon/rectum (64 %) and lung
(14 %; Table 1).

At the time of reporting, 12 patients had died. A com-
plete and partial response was observed in 9 and 14
patients, respectively. Seventeen patients had stable disease
and 2 patients progressed. The local relapse rate was 9.5 %
(n = 4), and 22 of the original 42 patients had new sites of
distant metastases (lung, n = 13; liver, n = 6; brain,
n = 3). For all patients, the 1- and 2-year OS rates were 92
and 86 %; the 1- and 2-year PFS was 83 and 65 %; and the
1- and 2-year local control (LC) rates were 92 and 86 %
(Fig. 2). Univariate Cox proportional hazard analyses
showed that having a longer time from the primary tumor
diagnosis date to the oligometastases was associated with a
lower risk of mortality (hazard ratio [HR] = 0.2;
P =0.03). In contrast, the lack of complete/partial
response (HR = 3.8; P = 0.04) or having a greater olig-
ometastases size (HR = 4.5; P = 0.01) were associated

Table 1 Patient, tumor, and treatment characteristics

Characteristics

No. of Patients (%)
(n = 42)

Age (years)
Median (range)
Gender
Male
Female
Karnofsky performance status
100
90
80
70
No. of metastases
1
2
3
Primary tumor
Colon/Rectum
Non-small cell lung cancer
Head and neck
Soft tissue
Breast
Skin
Endometrium
Liver
Bile duct
Metastasis location
Lung*
Liver
Adrenal
Histology
Adenocarcinoma
Squamous
Sarcoma
Melanoma
Oligometastasis size (cm)
Median (range)
Planning tumor volume 7 (cc)
Median (range)
Radiation total dose (Gy)
Median (range)

Radiation dose per fraction (Gy)

Median (range)
No. of fractions
Median (range)

Biological effective dose” (Gy)

Median (range)
Maximum radiation dose (Gy)

Median (range)

69 (16-87)

30 (71.4)
12 (28.6)

14 (33.3)

20 (47.6)
7 (16.7)
1 (2.4)

26 (61.9)
12 (28.6)
4 (9.5)

27 (64.3)
6 (14.3)
2 (4.8)
2 (4.8)
1(24)
1(24)
1 (2.4)
1 (24)
1(2.4)

28 (66.7)
12 (28.6)

2 (4.8)

35 (83.3)

4(9.5)

2 (4.8)

1 (2.4)

2 (0.6-5.5)
62 (14-374)
39 (36-73)
12 (5-20)

3 (3-13)

80 (58-180)

42 (32-76)
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Table 1 continued

Characteristics No. of Patients (%)
(n=42)

Minimum radiation dose (Gy)

Median (range) 36 (30-68)
Mean radiation dose (Gy)

Median (range) 39 (31-73)
Median radiation dose (Gy)

Median (range) 39 (31-74)
Time from diagnosis to metastases (months)

Median (range) 21 (3-58)
Overall treatment time (days)

Median (range) 7 (3-16)

Cl;addick
Median (range) 1.25 (1.08-1.33)
Hlkros

Median (range) 1.15 (1.08-1.19)

* 23 peripheral and 5 central
# a/b = 10 Gy

T Paddick’s conformity index = (target volume covered by the ref-
erence isodose)/(Target volume x Volume of the reference isodose)

! Radiation therapy oncology group homogeneity index = (Maxi-
mum isodose in the target)/(Reference isodose)

with a higher risk of mortality (Table 2). On multivariate
analysis (Table 3), only the response to the HT retained
significance (HR = 6.6; P = 0.01; Fig. 3). We did not find
a significant risk factor for PFS on univariate analysis
(Table 2).

With regard to toxicity, grades 1, 2, and 3 radiation
pneumonitis were experienced in 11, 3, and 1 patient,
respectively. Six patients had grade 1 chest wall pain.
Grade 1 skin toxicity was observed in 6 patients. Finally,
gastrointestinal toxicity was observed in 8 patients:
esophagitis grade 1 in 3 patients; diarrhea grade 1 and 2 in
3 and 1 patient, respectively, and lower gastrointestinal
hemorrhage grade 3 in 1 patient.

Discussion

Oligometastatic disease represents a hypothesized state of
metastatic progression in which a limited systemic spread
of disease is potentially curable with local therapy [19-21].
We present one of the largest published studies on out-
comes in patients with extracranial oligometastases treated
with HT, with specific assessment of the effect of aggres-
sive local radiation on survival. Our pertinent findings can
be summarized as follows. First, oligometastatic patients
treated with HT had an excellent OS and LC, having a
2-year OS rate of 86 % and only a 9.5 % rate of local
recurrence. Second, we found that only the lack of com-
plete/partial response was associated with a higher risk of
mortality. Patients who had a complete/partial response
experienced prolonged OS compared with those who had
not. However, neither the treatment response nor other
factors were associated with PFS. Finally, image-guided
HT was well tolerated in the majority of patients, with only
2 cases experiencing severe (grade 3) toxicity.

The number of studies assessing patients with extra-
cranial oligometastatic disease treated with SABR is lim-
ited and the aggregate results are inconclusive [6, 9, 22].
For example, a recent systematic literature search per-
formed by Silva et al. [9] evaluated the outcomes, tech-
niques, radiobiology, and scientific rigor of SABR for the
treatment of pulmonary oligometastatic cancer. There was
insufficient evidence to recommend a consensus view for
optimal tumor parameters, dose fractionation, and technical
delivery of treatment. However, high LC rates that could
potentially lead to a survival benefit justifies the consid-
eration of stereotactic radiotherapy for patients with limited
pulmonary oligometastases. Milano et al. [20] found that
lesions originating from primary pancreatic, biliary or liver
cancer exhibited significantly poorer LC, as did lesions
from colorectal cancer. They also observed that lesions
from breast cancer were better controlled. Therefore, one
should notice the careful selection based on localization
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Table 2 Univariate analyses of

associations between the Variables Overall survival Disease free survival
patient, tumor, treatment, and HR IC95 % P value HR IC95 % P value
pathologic characteristics and
survival Age (years)
<69 1.0 1.0
>69 0.5 0.2-1.6 0.24 0.7 0.3-1.9 035
Gender
Female 1.0 1.0
Male 2.4 0.5-10.9  0.27 0.8 0.5-22 0.77
Karnofsky performance status
>90 1.0 1.0
<90 0.3 0.03-2.0 0.19 1.3 0.52-34  0.55
Primary tumor
Colon/Rectum 1.0 1.0
Other 1.5 0.54.7 0.51 1.3 0.8-1.3  0.75
Metastasis location
Lung 1.0 1.0
Other 0.5 0.1-2.0 0.34 0.67 04-2.8 0.38
Histology
Adenocarcinoma 1.0 1.0
Other 0.4 0.1-3.4 0.43 1.2 0.2-3.5 0.78
No. of metastases
1 1.0 1.0
>1 1.5 0.4-4.9 0.52 0.8 0.1-2.1  0.33
Oligometastasis size (cm)
<2 1.0 1.0
>2 4.5 14-152  0.01 0.9 04-2.1 0.78
Planning tumor volume n (cc)
<62 1.0 1.0
>62 1.6 0.5-54 0.45 1.0 04-23  1.00
Radiation total dose (Gy)
<39 1.0 1.0
>39 1.5 0.54.9 0.52 1.2 03-1.6 0.88
Radiation dose per fraction (Gy)
<12 1.0 1.0
>12 1.8 0.5-6.9 0.37 1.5 0.5-52 044
No. of fractions
<3 1.0 1.0
>3 3.0 0.8-10.6  0.09 1.7 0445 053
Biological effective dose (Gy)
<100 1.0 1.0
>100 3.0 0.9-9.8 0.08 0.9 0.6-6.8 0.48
Time from diagnosis to metastases (months)
<21 1.0 1.0
>21 02  0.04-0.9 0.03 0.8 0.5-2.5 0.77
Overall treatment time (days)
<7 1.0 1.0
>7 2.4 0.7-8.0 0.15 0.9 04-2.1 0.81
Treatment response
Responders (Complete + partial) 1.0 1.0
Bold values indicate statistical Non-responders (Stable + progression) 3.8 1.0-142  0.04 1.4 0.6-34 0.41
significance
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Table 3 Factors associated with overall survival in multivariate
analyses

Variables HR IC95 % P value

Age (years)
<69 0.3
>69

Karnofsky performance status
>90 0.3
<90

Oligometastasis size (cm)
<2 2.5
>2

0.07-1.4 0.13

0.03-3.6  0.37

0.5-13.2 0.25

No. of fractions
<3 2.6
>3

0.6-11.4 0.19

Time from diagnosis to metastases (months)
<21 0.3
>21

Treatment response

0.06-29.7 0.21

Responders (Complete + partial) 6.6 1.4-29.7 0.01

Non-responders (Stable 4 progression)

Bold value indicates statistical significance

Multivariate analyses were adjusted for all factors listed in this Table

and dimension in most of these SABR series. In addition, a
standard SABR regimen for metastatic lesions is still
unclear. For instance, Iwata et al. [23] used 34 and 36 Gy
for lung metastasis, while a French group [24] used a
median fractionation scheme of three fractions of 15 Gy
(range, 9-20 Gy). Our study mainly used risk-adapted
fractionation schemes according to the metastatic lesion
location.

The number of distant metastatic sites was not associated
with survival outcomes in this study, probably because most
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Fig. 3 Overall survival according to the response after radiation

therapy
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of the patients had only a single site of metastatic disease,
thus making it difficult to detect an advantage among
patients with fewer sites of disease. To this end, several
studies have shown that when distant metastases are limited
in number and location, sterilization or LC of the metastases
may improve both PFS and OS [19, 21]. For example, the
University of Florence [19] reported a substantial LC ben-
efit for patients with adrenal gland metastases who received
SABR, with a control rate of 90 % at 2 years. Consistently,
we observed a similar LC rate in our series. In addition, a
multi-institutional phase I/Il trial of SABR for lung
metastases [21] reported a series of 38 patients with one to
three lung metastases and a cumulative maximum tumor
diameter smaller than 7 cm. With a median follow-up of
15 months, LC at 1 and 2 years after SABR was 100 and
96 %, respectively. There was no grade 4 toxicity and the
incidence of any grade 3 toxicity was 8 %. The high rates of
OS and LC observed in these studies as well as in ours could
be explained due to the patient’s selection. In our study, the
vast majority of patients had a good performance status
(KPS > 70), only 1-2 sites of metastatic disease, and
approximately 2-year median interval (21 months) between
diagnosis and time to metastasis.

With regard to toxicity outcomes, the rate of severe
(grade >3) acute toxicity in our study was lower to that in
published series of patients with metastatic disease [21].
There are several potential reasons that could explain this
divergence. First, the relatively short follow-up period
(15 months for all 42 patients) may have led to an under-
estimation of toxicity. Second, the use of SABR allows
optimization between tumor control probability and normal
tissue complication probability [22]. For those patients,
toxicity has ceased to be a dose-limiting issue since the
introduction and availability of HT [25]. Hence, the com-
bination of dose sculpting by IMRT with image guidance
techniques is mandatory for these indications [26]. Finally,
in a considerable number of patients of our series, metas-
tases were localized far from the proximity of OARs (i.e.,
82 % of lung metastases were located peripherally), and
therefore there was not an overlap with the PTV in these
patients, which would make the delivery of curative doses
to the tumor impossible with regard to normal tissue
toxicity.

Our finding that complete/partial response was associ-
ated with improved outcome is consistent with prior studies
[7, 27, 28]. However, an association between response and
PFS was not observed. Langenhoff et al. [28] reported
outcomes for 23 patients with unresectable colorectal liver
metastases which were treated with SABR. None of the
treatment responders developed a local recurrence during a
mean follow-up period of 16 months.

We acknowledge several limitations of our study. First,
the population was heterogeneous (different primary
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tumors and metastases location), having been treated with
HT over 5 years and receiving different combinations of
radio(chemo)therapy regimens rather than being treated
prospectively on a well-defined treatment protocol. In
addition, a systematic method of follow-up, including
imaging, would be optimal to evaluate patterns of failure
after radiotherapy. For example, patients with “distant
only” recurrences may not have undergone optimal imag-
ing of the prior metastatic site at the time of recurrence.
Thus, some local failures might not have been detected.
Future studies that include larger numbers of patients with
oligometastases treated with and without radical RT would
be useful for further elucidating the effect of local therapy
on these subgroups and may also identify additional risk
factors, which were not able to be identified in the current
study due to a small sample size. Finally, it must be
emphasized that systemic therapy plays an important role
in the management of metastatic patients, including in the
oligometastatic setting. Up-front chemotherapy followed
by either switch/continuation maintenance or observation
remains the standard of care in this context, and local
therapy to metastatic sites should be performed in the
scenario of a clinical trial, if possible.

In conclusion, we found that patients with oligometa-
static disease who were treated with hypofractionated HT
could be treated safely and had improved rates of LC and
OS. We also found that those who experienced complete/
partial response were associated with a lower risk of
mortality. Our results suggest that a subgroup of patients
with stage IV disease can benefit from aggressive treatment
to the metastatic site. Further investigation should focus on
patient selection and in the use of peri/concomitant sys-
temic therapy to decrease the distant relapse rate in patients
undergoing local treatment.

Conflict of interest None.
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